authors contributed equally to this work. One Sentence Summary: Lewis acidic molten salts etching is an effective and promising route for producing MXenes with superior electrochemical performance in non-aqueous electrolyte. Abstract: Two-dimensional carbides and nitrides of transition metals, known as MXenes, are a fast-growing family of 2D materials that draw attention as energy storage materials. So far, MXenes are mainly prepared from Al-containing MAX phases (where A = Al) by Al dissolution in F-containing solution, but most other MAX phases have not been explored. Here, a redox-controlled A-site-etching of MAX phases
in Lewis acidic melts is proposed and validated by the synthesis of various MXenes from unconventional MAX phase precursors with A elements Si, Zn, and Ga. A negative electrode of Ti3C2 MXene material obtained through this molten salt synthesis method delivers a Li + storage capacity up to 738 C g -1 (205 mAh g -1 ) with high-rate performance and pseudocapacitive-like electrochemical signature in 1M LiPF6 carbonate-based electrolyte. MXene prepared from this molten salt synthesis route offer opportunities as high-rate negative electrode material for electrochemical energy storage applications.
Main Text: Two-dimensional (2D) transition metal carbides or carbonitrides (MXenes) are one of the latest additions to the family of 2D-materials. MXenes are prepared by selective etching of the A layer elements in MAX phase precursors, where M represents an early transition metal element (Ti, V, Nb, etc.), A is an element mainly from the group 13-16 (Al, Si, etc.) and X is carbon and/or nitrogen (1). Their general formula can be written as Mn+1XnTx (n=1-3), where Tx stands for the surface terminations, generally considered to be -F, -O, and -OH. Thanks to their unique 2D layered structure, hydrophilic surfaces and metallic conductivity (>6000 S cm -1 ), MXenes show promise in a broad range of applications, especially in electrochemical energy storage (2, 3) .
Following the first report of Ti3C2 MXene synthesis in 2011, MXenes are mainly prepared by selective etching of the A-layer of in MAX phases by aqueous solutions containing fluoride ions such as aqueous hydrofluoric acid (HF) (1), mixtures of lithium fluoride and hydrochloric acid (LiF+HCl) (4) or ammonium bifluoride ((NH4)HF2) (5) .
To date, the high reactivity of Al with fluoride-based aqueous solutions has limited synthesized MXenes to preferentially Al-containing MAX phase precursors. Although Alhabeb et al. reported the synthesis of Ti3C2 MXene through oxidant-assisted etching of Si from Ti3SiC2 MAX phase (5) , the etching mechanism was still based on hazardous HF solution. Thus, MXene synthesis is challenged 1) to find nonhazardous synthesis routes for preparing MXene and 2) to enable a broader range of MAX-phase precursors.
Recently, Huang and et al. reported that Ti3C2Cl2 MXene can be prepared by etching Ti3ZnC2 MAX phase in ZnCl2 Lewis acidic molten salt via a replacement reaction mechanism (6) . In the present paper, we generalize this synthesis route to a wide chemical range of A-site elements featuring besides Zn also Al, Si, Ga from various MAX phase precursors. This is accomplished by selective etching in Lewis acid molten salts via a redox substitution reaction. With such processing we also show that, for instance, MXene could be obtained from MAX phases with A = Ga. The etching process is illustrated here using Ti3C2 prepared from Ti3SiC2 immersion in CuCl2 molten salt. The obtained MXene exhibits enhanced electrochemical performance with high Li + storage capacity combined with high-rate performance in non-aqueous electrolyte, which makes these materials promising electrode materials for high-rate battery and hybrid devices such as Li-ion capacitor applications (7, 8) . This method allows producing new 2D materials that are difficult or even impossible to be prepared by using previously reported synthesis methods like HF etching. As a result, it expands further the range of MAX phase precursors that can be used and offer important opportunities for tuning the surface chemistry and the properties of MXenes. Ti3SiC2 + 2CuCl2 = Ti3C2 + SiCl4(g)  + 2Cu
(1) Ti3C2 + CuCl2 =Ti3C2Cl2 + Cu (2) Ti3SiC2 MAX precursor is immersed at 750°C in molten CuCl2 (Tmelting=498 o C). The MXene sample.
X-ray diffraction (XRD) patterns of the pristine Ti3SiC2 before (black), and after reaction with CuCl2 at 750°C for 24h (noted as Ti3SiC2-CuCl2, red) and final product after APS washing (MS-Ti3C2Tx, purple) are shown in Fig. 2A . Compared to pristine Ti3SiC2, most of the diffraction peaks disappear in the final product, leaving (00l) peaks as well as several broad and low-intensity peaks in the 2 range from 5° to 75°; these features indicate the successful reduction of Ti3SiC2 into layered Ti3C2 (MXene) (9) .
Additionally, the shift of Ti3C2 (00l) diffraction peaks from 10.13° to 7.94° two theta degree indicate an expansion of the interlayer distance from 8.8 Å to 10.9 Å. The sharp and intense peaks located at 2 ≈ 43.29°, 50.43°, and 74.13° can be indexed as metallic Cu ( Fig. 2A , red plot), which confirms the proposed etching mechanism in Lewis acid melt (equation 1). The XRD pattern of the final product ( Fig Similarly, no significant amounts of Cu or S element were detected ( Fig. S4A and S4B ).
The deconvolution of the Ti 2p spectra ( Fig. 2D ) in the energy range between 454 and 460 eV was achieved following previous works (6, 12) and the details are given in subsequent washing process (13) . EDS analysis (Table S2) Temperature-programed desorption, coupled with mass spectroscopy measurements (TPD-MS) have been achieved on MS-Ti3C2Tx MXene samples and MXene prepared from conventional etching treatment in HF, noted as HF-Ti3C2Tx ( Fig. S5 and Table   S3 ). H2O release observed below 400°C for both samples corresponding to surface adsorbed and intercalated water coming from the washing with water after synthesis (14) . Differently from HF-Ti3C2Tx, MS-Ti3C2Tx, MXene shows substantial CO2 release below 600°C, which could be ascribed to the partial carbon oxidation from APS oxidizing treatment. Also noteworthy is the absence of any -OH surface groups release for MS-Ti3C2Tx MXene, decreasing the hydrophilicity of the surface. Cl group is stable on Ti3C2 at 750°C (15) , but a trace of released Cl is still detected as well as SO2 below 600°C, the latter coming from APS treatment. Also interesting is the quantification of the total amount of oxygen from CO and CO2 gases (8.2 wt.%, see Table S3 ), which is close to 9.5 wt.% estimated from EDS analysis. within the full potential window of 2.8 V, which translates into 323 F g -1 within 2 V (see Fig. S15 ). These are the highest capacitance values reported for Ti3C2 MXene in non-aqueous electrolytes, to the best of our knowledge (3, 17, 23, 24) . Those remarkable performances make MXene materials now suitable to be used as negative electrodes in non-aqueous energy storage devices. Also important, and differently from previous works where electrodes had to be prepared from filtration of delaminated MXene suspensions to achieve high electrochemical performance (25) , raw, nondelaminated MXene powders ( Fig. 2B ) were used here to prepare the electrode films.
This broadens the range of application of the materials to prepare electrodes for energystorage devices. The charge storage mechanism was investigated using in situ X-ray diffraction technique during cyclic voltammetry experiments at 0.5 mV s -1 . Fig. 4B shows the change of the (002) peak position during anodic and cathodic scans for three different cycles. The initial d-spacing was found to be 11.02 Å, and the peak position was found to be roughly constant during the polarization with a maximum change of 0.25 Å. The small value of the d-spacing indicates that MXene layers are separated by about 3 Å:
this supports the intercalation of de-solvated Li + ions between the MXene layers, such as recently reported (17), blocking the co-intercalation of solvent molecules and resulting in improved electrochemical performance. During the cathodic scan ( Fig. 4A ),
Li + ions are intercalated between the MXene layers; this is assumed to be associated with the change in the oxidation state of Ti, such as observed in lithium-ion battery during Li + intercalation (26, 27) . Li + de-insertion from the MXene structure occurs during the anodic potential scan, with a remarkable mirror-like CV shape. During the first cycle upon reduction, an irreversible capacity is observed ( Fig. S16A ), as a result of the formation of the solid electrolyte interphase layer (SEI) (28) . As a result of these high power performance, the electrochemical impedance spectroscopy plots recorded at various bias potentials ( Fig. S18A) show a charge-transfer resistance of about 25
Ω·cm² followed by a restricted-diffusion behavior with a fast increased of the imaginary part at low frequency (29) . from CVs achieved at various potential scan rates ( Fig. S16B and Table S7 ). The capacity reaches 738 C g -1 (205 mAh g -1 ) for a discharge time of 1.5 h (C/1.5 rate). This value corresponds to a minimum of 1.28 F exchanged per mole of Ti3C2, which is about 0.42 electron transferred per Ti atom, much higher than previously reported values (17, 27) . The electrode still delivers 142 mAh g -1 for 280 s discharge time (13 C rate) and 
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Materials
Preparation of MXenes from Lewis acid molten salt route
Various MAX phases and Lewis acid salts were used to prepare MXenes, as summarized in Table S6 . We here take Ti3SiC2 MAX phase and CuCl2 as an example:
1 g of Ti3SiC2 MAX phase powders and 2.1 g of CuCl2 powders were mixed (with a stoichiometric molar ratio of 1:3) and grinded for 10 minutes. Then 0.6 g of NaCl and 0.76 g of KCl were added into the above mixtures and grinded for another 10 minutes.
Afterward, the mixture was placed into an alumina boat, and the boat was then put into an alumina tube with argon-flow. The powder mixture was heated to 750°C with a heating ramp of 4°C min -1 , and hold for 24 h. Afterward, the obtained products were washed with deionized water (DI H2O) to remove salts, and MXene/Cu mixed particles were obtained. The mixtures of MXene/Cu were then washed by 1 M (NH4)2S2O8 solution (APS) to remove the residual Cu particles (7) . The resulting solution was further cleaned by deionized water (DI H2O) and alcohol for five times and filtered with a microfiltration membrane (polyvinylidene fluoride, 0.45 μm). Finally, the MXene powders (denoted as MS-Ti3C2Tx) were dried under vacuum at room temperature for 24 h.
Materials characterizations
The phase composition of the samples was analyzed by X-ray diffraction (D8 Advance, In situ XRD was conducted on a Bruker D8 Advance diffractometer using Cu Kα radiation source. Two-electrode Swagelok cell system (8), using MS-Ti3C2Tx MXene film as the working electrode, beryllium window as the current collector, and Li metal as the counter electrode, was used to perform the electrochemical test for the in-situ XRD measurements. All XRD patterns were recorded during cyclic voltammetry test at a potential scan rate of 0.5 mV s -1 . The (002) peak located between 6° to 10° was recorded to calculate the interlayer d-spacing (Fig. 4B) .
In cyclic voltammetry, the capacity (C g -1 ) and average capacitance (F g -1 ) of a single electrode are evaluated from the anodic scan using Q = ∫ dt m
(1)
Where i is the current changed by time t, m is the mass of active material, V is the potential window.
In galvanostatic charge/discharge plots, the capacity (C g -1 ) is given by:
Where Δt is charging/discharging time. 
Supplementary Text
XPS analysis of Ti3SiC2 MAX phase and MS-Ti3C2Tx MXene
XPS analysis of the Ti3SiC2 MAX phase precursor (black) and MS-Ti3C2Tx MXene (red) after reaction in CuCl2 at 750C and further immersion in APS solution are presented in Fig. S3 . Fig. S3A shows an overview XPS spectrum for the Ti3SiC2 precursor (black) and MS-Ti3C2Tx MXene (red) after APS treatment, respectively. For Ti3SiC2, the signals of Si 2p, C 1s, Ti 2p, and O 1s were found at 101.2, 282.9, 458.6, and 531.9 eV, respectively (9) . The XPS of Si 2p in Ti3SiC2 (Fig. S3B, black) Moreover, no significant amounts of Cu and S element were detected ( Fig. S4A and   S4B ). (3, 13) , which indicated the presence of Ti-Cl bonds in MS-Ti3C2Tx MXene (Fig. S4E) .
The XPS signal of Ti 2p in MS-Ti3C2Tx MXene is shown in Fig. 2D . The peaks at 454.5 eV and 460.5 eV are assigned to the Ti-C (I) (2p3/2) and Ti-C (I) (2p1/2) bond (9, 10) .
The peaks at 456.0 eV and 461.8 eV are assigned to the Ti-C (II) (2p3/2) and Ti-C (II) (2p1/2) bond (9, 10) . The peaks at 458.2 eV and 464.0 eV attributed to high-valency Ti compound, are assigned to the Ti-Cl (2p3/2) and Ti-Cl (2p1/2) bonds, respectively (3, 13) .
The peaks at 459.7 eV and 464.9 eV are associated with the Ti-O (2p3/2) and Ti-O (2p1/2) (10, 11), respectively. The results are summarized in Table S1 . Fig. S5 shows the TPD-MS analysis results of HF-Ti3C2Tx ( Fig. S5A and C) and MS-Ti3C2Tx MXenes (Fig. S5B and D) . The previous study has shown that HF-Ti3C2Tx
EDS analysis of Ti3SiC2 MAX phase and MS-Ti3C2Tx MXene
Temperature programmed desorption coupled with mass spectroscopy (TPD-MS) analysis of HF-Ti3C2Tx and MS-Ti3C2Tx MXenes
MXene decomposes beyond 800°C (Fig. S5C) (14) . The decomposition of the surface groups present on the HF-Ti3C2Tx MXene surface occurs in the 25°C -800°C temperature range. Different from HF-Ti3C2Tx, MS-Ti3C2Tx MXene does not show the presence of -OH surface groups (Fig. S5A and B ). An important CO2 gas release observed for the MS-Ti3C2Tx MXene is assumed to originate from the oxidation by the APS of carbon from Ti3C2. The quantification of CO2, H2O and CO was achieved, and the total content in oxygen was found to be 8.2 wt.%, that is similar to that calculated from EDS analysis (9.5 wt.%). For the -Cl groups there are two different species, one small amount evolving together with hydrogen at temperatures around 800°C (corresponding to around 3 wt%) and others more thermally stable desorbing at higher temperatures with a maximum at around 1100°C. Beyond 800°C, where the MXene decomposes ( Fig. S5C and D) , the MS analysis shows the presence of other species including, TiO and SiO, as well as some decomposition products from APS (H2O, N2,
NH3 and SO2 at a lower temperature). However, the quantification of these species was not possible because of the absence of standards. In the 25-600°C temperature range, the weight loss associated with the gas evolution of CO2, CO and H2O (Fig. S5B) accounts for about 15 wt%, showing that oxygenated groups and adsorbed/intercalated water, together with -Cl groups and -SO2 terminations are the main components of the MS-Ti3C2Tx MXene surface. 
Guidelines for preparing various MXenes from Lewis acidic molten salts etching route
The Gibbs free energy and redox potentials were calculated to guide the selection of suitable MAX phase precursors / Lewis salts to prepare MXene materials. Generally, the covalent M-X bonding in the MAX phase is very strong, while the M-A boning is much weaker (15) . Hence, we assume that the Ti-C bonding in manuscript equation (1) remains unchanged during the etching reaction. The equation (1) in the manuscript is simplified as:
Which can be generalized as (5) aA + bBCln = aAClm + m.a/nB + (b-m.a/n)BCln
The Gibbs free energies (Gr) between A elements from the MAX phases and Lewis salts (reaction 4) were calculated by HSC Chemistry software (HSC 6.0). Specifically, for the equation (5) at 750°C , the values of Hf (f stands for formation) and Sf can be obtained from the HSC software, given as Hr (r stands for reaction) of -67.877 kcal and Sr of 20.479 cal K -1 . Then Gr is given by:
Gr value of -371.74 kJ was calculated for equation (4) , which indicates that the reaction is thermodynamically spontaneous. We then generalized the calculations of the Table S4 . The electrochemical redox potentials of redox couple in halide melts can serve as another tool to predict the feasibility the Lewis acidic molten salts etching reaction.
Taking Ti3SiC2 in CuCl2 molten salt reaction as an example, the potential of the molten salt Cu 2+ /Cu (-0.43 V vs. Cl2/Cl -) is higher than its counterpart Si 4+ /Si (-1.38 V vs.
Cl2/Cl -) at 700°C. The Si-Si bonding of the Ti3SiC2 phase can be easily broken by the strong oxidized Cu 2+ while the strong covalent Ti-C bonding remains unchanged. The redox potentials of the molten salts (V vs. Cl2/Cl -) were calculated from equation (7) and (8) in a temperature range of 400-900 o C:
BCln (l) = B(s) + n/2 Cl2 (g)
Where B represents elements such as Al, Fe, Zn, In, Ga, Ge, Si, Sn, Mn, Cu, Co, Ni, Cd, and Ag, n is the number of exchanged electrons. Gibbs free energy of reaction (7) was calculated by HSC Chemistry 6.0 (16) , and the potential of the reaction (7) was obtained from (8):
where Gr is the Gibbs free energy per mole of reaction (7) in J mol -1 and F the Faraday constant, 96,485 C mol -1 . The potential E(V) of the reaction (7) corresponds to the potential difference between B n+ /B and Cl2/Clredox couples. All the potential values are shown in Fig. S6 and Table S5 .
In this paper, six different MXenes are successfully prepared from eight different MAX phase precursors etching by various halide molten salts under the predictions of the Gibbs free energy and redox potentials (Table S6 ). 
Electrochemical performance
As shown in Fig. S15A , the main capacity contribution comes from the low potential range region, which highlights the interest of such material to be used as a negative electrode in Li-ion containing electrolyte. A maximum capacity of 738 C g -1 (205 mAh g -1 ) is achieved within a full potential range of 2.8 V (from 0.2 to 3 V vs. Li + ) with a capacitance to 264 F g -1 . 646 C g -1 (180 mAh g -1 ) can be still delivered within potential window of 2 V (from 0.2 to 2.2 V vs. Li + /Li) together with a record capacitance of 323 F g -1 for MXene in non-aqueous electrolytes. The coulombic efficiency is 50% in the first cycle (Fig. S16A) ; the irreversible capacity at the first cycle corresponds to the SEI layer formation. After several cycles, the coulombic efficiency stabilizes at 98% for a scan rate of 1 mV s -1 (Fig. S16B ). Details of the discharge capacity and capacitance values of MS-Ti3C2Tx MXene electrode (active material weight loading of 1.4 mg cm -2 ) are listed in Table S7 . The capacitance of the MXene electrode at a scan rate of 0.5 mV s -1 is 264 F g -1 (205 mAh g -1 ) with the full potential window of 2.8 V. The capacitance remains at 97 F g -1 (75 mAh g -1 ) when the scan rate increases to 100 mV s -1 (discharge time of 28 s), which corresponds to a capacitance retention of 37% as compared to the value of 0.5 mV s -1 . Moreover, increasing the active material weight loading up to 4 mg cm -2 does not hinder the power capability of the Ti3C2Tx material as can be seen from Fig. S16C and D. Fig. S16D shows the discharge capacity values calculated from the CVs. The thicker electrode delivers 680 C g -1 (areal capacity of 2.72 C cm -2 ) at a scan rate of 0.5 mV s -1 with a capacity retention of 35% at 100 mV s -1 . The high rate performance of the MS-Ti3C2Tx Electrochemical impedance spectroscopy measurements were made at various bias potentials vs. Li + /Li to understand the electrochemical performance of the MS-Ti3C2Tx
MXene material (Fig. S18A ). All the Nyquist plots show similar features with a high frequency semi-circle followed by a fast increase of the imaginary part of the impedance at low frequencies. The high frequency semi-circle loop is assigned to the charge-transfer resistance of about 25 Ω cm², which is almost three times larger than the one observed of a porous MXene electrode in propylene carbonate-based electrolyte (17) . The near-vertical imaginary parts at low frequency range indicate a capacitivelike charge storage kinetics instead of a diffusion dominated process, as can be seen from the absence of a Warburg region in the mid frequency range (45° line). Moreover, the charge storage kinetics are further investigated by determining b-value (see Fig.   S18B ) following equation:
It has been suggested that a b-value of 1 relates to the capacitive (surface-like) process, while a b-value of 0.5 identifies the diffusion-controlled (bulk) process (18, 19) . Fig.   S18B shows the (i) versus scan rate plot in log scale from 0.5 to 100 mV s -1 . A linear relationship with a slope of 1 is observed in a scanning potential rate range from 0.5 to 20 mV s -1 , indicating a capacitive-like charge storage kinetics. The deviation from this linear at higher scan rates (>20 mV s -1 ) may be assigned to kinetics (restricteddiffusion) or/and ohmic limitations at high current density. Moreover, Ti3C2Tx MXene prepared from Ti3AlC2 MAX precursor exhibits similar electrochemical behavior of MS-Ti3C2Tx in LP30. Almost identical CV signatures were observed and presented in Fig. S19A . This Al-MAX derived MXene electrode delivers 730 C g -1 at a scan rate of 0.5 mV s -1 and possesses a capacity retention of 36% at a scan rate of 100 mV s -1 (Fig. S19B) . These results indicate that the Lewis acidic molten salts etching route is a promising method to prepare high rate electrode MXene materials. 
